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Calcium influx drives two opposing voltage-activated
calciumchannel (CaV) self-modulatoryprocesses: cal-
cium-dependent inactivation (CDI) and calcium-de-
pendent facilitation (CDF). Specific Ca2+/calmodulin
(Ca2+/CaM) lobesproduceCDI andCDF through inter-
actions with the CaVa1 subunit IQ domain. Curiously,
Ca2+/CaM lobe modulation polarity appears inverted
between CaV1s and CaV2s. Here, we present crystal
structures of CaV2.1, CaV2.2, and CaV2.3 Ca
2+/CaM-
IQ domain complexes. All display binding orientations
opposite to CaV1.2with a physical reversal of the CaM
lobe positions relative to the IQ a-helix. Titration calo-
rimetry reveals lobe competition for a high-affinity site
common to CaV1 and CaV2 IQ domains that is occu-
pied by the CDI lobe in the structures. Electrophysio-
logical experiments demonstrate that the N-terminal
CaV2 Ca
2+/C-lobe anchors affect CDF. Together, the
data unveil the remarkable structural plasticity at the
heart of CaV feedback modulation and indicate that
CaV1 and CaV2 IQ domains bear a dedicated CDF
site that exchanges Ca2+/CaM lobe occupants.
INTRODUCTION
Calcium ions have a special role in cellular signaling as they act
as agents of membrane potential change and effectors of
signaling pathways (Clapham, 2007). As a nidus of calcium sig-
nals, voltage-gated calcium channels (CaVs) couple membrane
depolarization-driven calcium entry to neurotransmitter and hor-
mone release, cardiac action potential propagation, excitation-
contraction coupling, gene regulation, and synaptic transmis-
sion (Catterall, 2000). High-voltage activated CaVs (CaV1s and
CaV2s) are multiprotein complexes of four principal components
(Van Petegem and Minor, 2006): a pore-forming subunit (CaVa1)
that sets many functional and pharmacological properties of the
channel (Catterall, 2000), a cytoplasmic b-subunit (CaVb) that
shapes channel inactivation and regulates plasma membrane
expression (Dolphin, 2003), a transmembrane subunit (CaVa2d)Structure 16, 1455that is the receptor for anti-epileptic and anti-nociceptive drugs
(Davies et al., 2007), and calmodulin (CaM) (Pitt, 2007).
CaM, which in its calcium-free form, apo-CaM (Jurado et al.,
1999), is tethered to CaVa1 (Erickson et al., 2001, 2003; Peterson
et al., 1999; Pitt et al., 2001), has a privileged role as a detector of
CaV-generated calcium signals (Dunlap, 2007; Halling et al.,
2006) and drives two opposing CaV feedback modulation
processes: calcium-dependent inactivation (CDI) and calcium-
dependent facilitation (CDF). The main Ca2+/CaM binding site
is an isoleucine-glutamine ‘‘IQ’’ domain (Black et al., 2005;
DeMaria et al., 2001; Fallon et al., 2005; Lee et al., 2003; Pate
et al., 2000; Peterson et al., 1999; Pitt et al., 2001; Qin et al.,
1999; Tang et al., 2003; Van Petegem et al., 2005; Zu¨hlke
et al., 1999) in the CaVa1 C-terminal cytoplasmic tail 200
residues after the last transmembrane segment of the pore (Van
Petegem and Minor, 2006).
CaM has two lobes, N-lobe and C-lobe, that undergo calcium-
dependent conformational changes that alter the ability of each
lobe to interact with substrates (Clapham, 2007; Hoeflich and
Ikura, 2002). Prior functional studies have indicated that CDI
and CDF are governed by specific CaM lobes and that the func-
tional polarity of modulation appears inverted between the CaV1
and CaV2 subtypes (DeMaria et al., 2001; Dunlap, 2007; Lee
et al., 2003; Liang et al., 2003; Peterson et al., 1999; Van Pete-
gem et al., 2005). CDI is caused by Ca2+/C-lobe in CaV1.2 (Peter-
son et al., 1999) but by Ca2+/N-lobe in CaV2.1 (DeMaria et al.,
2001; Lee et al., 2003), CaV2.2 (Liang et al., 2003), and CaV2.3
(Liang et al., 2003). CaV2.1 CDF arises from the action of Ca
2+/
C-lobe (DeMaria et al., 2001; Lee et al., 2003). Crystallographic
studies of Ca2+/CaM-CaV1.2 IQ domain complexes (Fallon
et al., 2005; Van Petegem et al., 2005) uncovered an unusual par-
allel binding orientation in which Ca2+/N-lobe and Ca2+/C-lobe
bind to sites on the N-terminal and C-terminal ends of the IQ
a-helix, respectively. Demonstration that the Ca2+/N-lobe site
was important for CaV1.2 CDF (Van Petegem et al., 2005)
together with the unexpected parallel binding mode fueled the
hypothesis that the inversion of lobe-specific function might
have roots in an binding orientation exchange between CaV1
and CaV2 (Halling et al., 2006; Van Petegem and Minor, 2006).
To gain insight into the structural origins of the lobe-specific
functional inversion between CaV1 and CaV2 channels, we em-
barked on structural characterization of Ca2+/CaM complexes
with CaV2 channel IQ domains. Here, we present X-ray crystal–1467, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1455
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Ca2+/CaM-CaV2 IQ Domain StructuresFigure 1. Structures of CaV1 and CaV2 Ca
2+/CaM-IQ Peptide Complexes
(A) CaV2.1 (P/Q-type).
(B) CaV2.2 (N-type).
(C) CaV2.3 (R-type).
(D) CaV1.2 (L-type) (Van Petegem et al., 2005).
All panels show the IQ peptides in equivalent orientations. Ca2+/N-lobe and Ca2+/C-lobe are shown in green and blue, respectively. IQ peptides are shown in
yellow (CaV2.1), purple (CaV2.2), and orange (CaV2.3), and firebrick (CaV1.2). In all depictions, the residues corresponding to the aromatic anchor positions in
CaV1.2 are shown in firebrick and the ‘‘IQ’’ positions are shown and labeled. Lower cartoons in panels A–D are schematics of the binding mode for each complex
and lobe specific function (Dunlap, 2007).
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Ca2+/CaM-CaV2 IQ Domain StructuresTable 1. X-Ray Data Collection and Refinement Statistics
Ca2+/ SeMet-
CaM-CaV2.1 IQ
Ca2+/SeMet-CaM-CaV2.1 IQ Ca2+/CaM-
CaV2.2 IQ
Ca2+/CaM-CaV2.2
IQ (HM/TV)
Ca2+/CaM-
CaV2.3 IQPeak Inflection Remote
Data collection
Resolution (A˚) 20-2.60
(2.69-2.60)
30-2.9
(3.0-2.9)
30-2.9
(3.0-2.9)
30-2.9
(3.0-2.9)
20-2.35
(2.43-2.35)
20-2.80
(2.90-2.80)
20-2.30
(2.38-2.30)
Space group P6122 P6122 P6122 P6122 P6122
Cell dimensions
a, b, c (A˚) 44.0, 44.0, 337.9 44.0, 44.0, 337.8 40.3, 40.3, 344.7 40.3, 40.3, 348.6 44.3, 44.3, 337.9
a, b, g () 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Rsym 5.5 (27.2) 8.4 (48.8) 8.2 (46.6) 7.2 (38.5) 13.4 (42.5) 13.3 (44.3) 10.3 (38.3)
Wavelength 1.116 0.97957 0.97969 1.01987 1.116 1.116 1.116
IjsI 47.1 (4.5) 40 (6.3) 50 (6.3) 51.4 (8) 16.1 (2.1) 16.9 (2.1) 15.9 (7.4)
Completeness (%) 94.7 (72.3) 99.1 (99.5) 99.1 (99.4) 99.1 (99.0) 99.3 (97.0) 98.1 (99.8) 95.2 (68.1)
Redundancy 16.4 (9.8) 22.7 (21.4) 22.6 (21.5) 22.7 (22.2) 15.0 (5.5) 11 (7.2) 26.5 (1.9)
Refinement
Resolution (A˚) 20-2.60 20-2.35 20-2.80 20-2.30
No. reflections 6,150 7,399 4,527 8,855
Rwork/Rfree 27.6/32.0 20.7/27.1 24.8/29.8 25.6/29.1
Number of atoms
Protein 1,174 1,288 1,214 1,252
Ligand/ion 4 5 4 4
Water 10 78 10 34
B-factors
Protein 58.11 30.07 45.66 71.84
Ligand/ion 57.56 36.06 37.73 58.33
Water 49.04 34.46 31.42 57.84
Rms deviations
Bond lengths (A˚) 0.015 0.015 0.014 0.015
Bond angles () 1.353 1.379 1.467 1.380structures of Ca2+/CaM-IQ domain complexes from the three
CaV2 isoforms, CaV2.1 (P/Q-type), CaV2.2 (N-Type), and CaV2.3
(R-type). Functional experiments based on the structures un-
cover a competition for a single high-affinity binding site on
the IQ-helix that is common to CaV1 and CaV2 IQ domains and
show a role for the Ca2+/C-lobe anchor residues in CaV2.1 CDF.
RESULTS
Crystal Structures of Ca2+/CaM-CaV2 IQ Domain
Complexes
We solved the X-ray crystal structures of Ca2+/CaM-CaV2.1 (P/Q-
type), Ca2+/CaM-CaV2.2 (N-type), and Ca
2+/CaM-CaV2.3 (R-type)
IQ domain complexes at 2.6 A˚, 2.35 A˚, and 2.3 A˚ resolution,
respectively (Figures 1A–C; Table 1). For each, the asymmetric
unit contained one complex. Crystal structures of Ca2+/CaM-
CaV2.2 and Ca
2+/CaM-CaV2.3 IQ domain complexes were solved
by molecular replacement using a sequential search with a model
for CaM C-lobe having the calcium ions absent followed byStructure 16, 1455a search with N-lobe lacking the calcium ions. Initial Ca2+/
CaM-CaV2.2 IQ domain and Ca
2+/CaM-CaV2.3 IQ domain elec-
tron density maps revealed clearly visible density for the calcium
ions and IQ peptides. Refinement trials using polyalanine helices
oriented either parallel or antiparallel to Ca2+/CaM revealed clear
side-chain density that permitted unambiguous assignment of
IQ domain polarity as antiparallel to Ca2+/CaM (see Figure S1
available online). The Ca2+/CaM-CaV2.1 IQ domain complex
was solved by a three-wavelength MAD experiment using
complexes of selenomethionine (SeMet) Ca2+/CaM and native
CaV2.1 IQ domain. In accord with the high identity between
CaV2.1 and CaV2.3 IQ domain sequences (Figure 1E), the
maps revealed a structure very similar to the CaV2.3 complex
(Figure S2A).
The Ca2+/CaM-CaV2 IQ domain structures have compact ar-
chitectures in which Ca2+/CaM envelopes the IQ domain a-helix
(Figure 1). All CaV2 IQ helices run antiparallel to Ca
2+/CaM, similar
to the classic orientation of most Ca2+/CaM-single helix com-
plexes (Hoeflich and Ikura, 2002) and opposite to the orientation(E) Sequence alignment of CaV1 and CaV2 IQ domains. Residues with contacts%4 A˚ to Ca
2+/N-lobe (green), Ca2+/C-lobe (blue), or both (purple) are indicated.
Asterisks indicate the principle anchor positions in CaV1 (top) and in CaV2 (bottom). Sequences are human CaV1.2 1609–1647, rabbit CaV2.1 1956–1994, rabbit
CaV2.2 1848–1886, and rat CaV2.3 1811–1850.–1467, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1457
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Ca2+/CaM-CaV2 IQ Domain StructuresFigure 2. Ca2+/CaM-CaV2 Interaction Details
(A) CaV2.3 Ca
2+/N-lobe.
(B) CaV2.2 Ca
2+/N-lobe.
(C) CaV2.3 Ca
2+/C-lobe.
(D) CaV2.2 Ca
2+/C-lobe.The IQ domain as shown in stick representation with major anchor positions colored white. As CaV2.1 and CaV2.3 structures are
equivalent and the CaV2.3 structure is higher resolution, we only show CaV2.3 here. Ca
2+/CaM lobes are shown in surface representation. Residues contributing
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Ca2+/CaM-CaV2 IQ Domain Structuresobserved previously in Ca2+/CaM-CaV1.2 IQ domain complexes
(Fallon et al., 2005; Van Petegem et al., 2005) (Figure 1D). The IQ
helix orientation polarity change roughly results in an exchange of
the positions of the Ca2+/CaM lobes on the CaV IQ helices. Ca
2+/
N-lobe makes the majority of its interactions with the C-terminal
portion of the IQ peptide, whereas Ca2+/C-lobe interacts with
the N-terminal portion. This orientation change appears to follow
the inversion of lobe-specific function between CaV1s and CaV2s
such that the lobe that governs CDI occupies the C-terminal
portion of the IQ helix (Figures 1A–1D). Even though Ca2+/CaM
can bind diverse substrates (Hoeflich and Ikura, 2002) that in-
clude single helices (Crivici and Ikura, 1995), helical bundles
(Schumacher et al., 2001; Yap et al., 2003), and complex tertiary
surfaces (Drum et al., 2002), the degree of molecular recognition
plasticity that we observe among the CaV1 and CaV2
IQ domains where Ca2+/CaM binds to such similar substrates
(Figure 1E) using opposite binding directions is exceptional.
Comparison of CaV2 and CaV1 Ca
2+/CaM-IQ Domain
Contacts
To facilitate comparison, we denote the isoleucine of the IQ motif
as position (0). Other IQ domain residues are indicated by their
N-terminal (indicated by ‘‘-’’) or C-terminal (indicated by a ‘‘+’’)
position along the primary sequence relative to Ile (0). Concur-
rent with their high sequence identity, superposition shows
that the Ca2+/CaM-CaV2.1 IQ domain and Ca
2+/CaM-CaV2.3
IQ domain complexes are equivalent (root mean square devia-
tion for Ca atoms, RMSDCa = 0.598) (Figure S2A). The Ca
2+/
CaM-CaV2.2 complex shows some differences from the
CaV2.1 and CaV2.3 complexes (RMSDCa = 2.02 for superposition
using CaV2.2 and CaV2.3 Ca
2+/N-lobes and IQ domains). The
dissimilarities manifest as a slightly altered IQ helix pose and
a relative displacement CaV2.2 Ca
2+/C-lobe position toward
the center of the IQ helix (5.3 A˚ and 5.1 A˚ displacement between
the calcium ions in CaV2.2 and CaV2.3 Ca
2+/C-lobe EF hands 3
and 4, respectively) (Figure S2B). The structural changes are
smaller than those observed in the different positions of Ca2+/N-
lobe bound to the N-terminal low-affinity IQ helix binding site in
Ca2+/CaM-CaV1.2 IQ domain structures (Van Petegem et al.,
2005). Opposite to the situation in CaV1.2, Ca
2+/N-lobe buries
a greater amount of surface area than does Ca2+/C-lobe in
the CaV2 IQ complexes (total buried surface area Ca
2+/N-lobe
versus Ca2+/C-lobe: CaV2.1 1652 A˚
2, 921 A˚2; CaV2.2 2026 A˚
2,
1224 A˚2; CaV2.3 1673 A˚
2, 950 A˚2; respectively).
Each Ca2+/CaM lobe interacts with an extensive network of IQ
helix residues (Figure S3). There are a number of IQ domain
residues that appear to be central to the interaction of each
lobe that we denote as anchor positions. As the Ca2+/CaM-
CaV2.1 IQ domain and Ca
2+/CaM-CaV2.3 IQ domain complexes
are very similar and quality of the Ca2+/CaM-CaV2.3 IQ domain
structure is better, we describe the CaV2.1 and CaV2.3 IQ
domains Ca2+/CaM interaction details based on the Ca2+/
CaM-CaV2.3 structure. In the CaV2.1 and CaV2.3 complexes,
Ca2+/N-lobe has three deeply buried anchors, Met (1), Ile (0),and the (+3) aromatic residue, and one shallow anchor, the (+4)
aromatic (Figure 2A). Met (1) and Ile (0) are buried in a pocket
that includes residues commonly used for Ca2+/N-lobe substrate
binding: Phe19, Leu32, Met51, and Met71, ‘‘FLMM’’ (Ataman
et al., 2007). Tyr (+3) binds to an adjacent pocket. The CaV2.2
Ca2+/N-lobe interacts with the same IQ domain anchor positions
but the CaV2.2 IQ helix pose results in differences that include:
less burial of Met (1), more Ca2+/N-lobe interactions to Phe
(+1) than made in CaV2.1 and CaV2.3 to Met (+1), and a more
central position of Ile (0) in the FLMM pocket (Figure 2B). In all
structures, the Tyr (+4) side-chain hydroxyl makes a water-medi-
ated hydrogen bond to Ca2+/N-lobe Gln41.
The focal point of CaV2-Ca
2+/C-lobe contacts is the (6) posi-
tion (Figures 2C and 2D; Figure S3). Position (2) forms a sec-
ondary Ca2+/C-lobe anchor point that is more extensively
contacted in CaV2.2 than in CaV2.1 and CaV2.3. In each of the
CaV2 structures, we also observed a number of interactions
between Ca2+/C-lobe and a nonnative methionine present at
position (9) due to the biosynthetic origins of our IQ peptides
(Figures S3A and S3B). The (9) position is largely contacted
by residues from the Ca2+/C-lobe FLMM pocket (Ataman et al.,
2007). To determine whether the identity of this position, which
is a valine in CaV1 and CaV2 (Figure 1E), influenced the Ca
2+/
C-lobe binding mode, we crystallized a Ca2+/CaM-CaV2.2 IQ do-
main complex in which positions (10) and (9) are the native
threonine and valine residues (‘‘HM/TV’’) and solved the struc-
ture at 2.8 A˚ by molecular replacement. Comparison of the
HM/TV and Met (9) Ca2+/CaM-CaV2.2 IQ domain complexes
shows no substantive differences (RMSDCa = 0.447) (Figure S2C)
and eliminates the possibility that the observed binding mode is
nonnative.
Comparison of the Ca2+/CaM-CaV2 and Ca
2+/CaM-CaV1 (Van
Petegem et al., 2005) IQ domain structures reveals a number of
key differences besides the obvious IQ helix direction reversal.
The constellation of major CaV2 anchor points differs from those
in the CaV1.2 complex where three aromatic residues anchor
each lobe (Van Petegem et al., 2005) (Figures 1E and 2E; Fig-
ure S3). In all CaV2 complexes, Ca
2+/CaM binds further toward
the IQ helix N-terminal end, a change that is consistent with
the lack of an aromatic residue at (+7). Four aromatic anchor
positions used by the CaV1.2 IQ a-helix to bind Ca
2+/CaM, posi-
tions (6), (2), (+3), and (+4), are used as anchors in the Ca2+/
CaM-CaV2 IQ helix complexes. Ca
2+/C-lobe binds two of these,
(6) and (2), neither of which is an aromatic residue in CaV2s
but remains nonpolar. Ca2+/N-lobe uses the two aromatics at
(+3) and (+4). The more N-terminal location of Ca2+/N-lobes in
the CaV2 complexes results in the (1) and (0) positions occupy-
ing very central positions in the Ca2+/N-lobe binding site (Figures
2A and 2B). In the CaV2 structures, individual Ca
2+/CaM lobes
are also more segregated along the IQ helix central axis than
the lobes in the CaV1.2 structures. Consequently, there are no
(CaV2.1 and CaV2.3) or very few (CaV2.2) contacts between
Ca2+/C-lobe and C-terminal residues from the IQ helix (Figure 1E;
Figure S3).to hydrophobic (yellow), negatively charged (red), positively charged (blue), and polar (green) interactions (%4 A˚) to the IQ domain indicated. Labels for IQ domain
residues are boxed.
(E) Diagram of the major CaV1 and CaV2 IQ domain anchor positions. The isoleucine of the IQ motif is labeled as position 0. CaV2.1, CaV2.2, and CaV2.3 major
anchors are shown by yellow, purple, and orange ovals, respectively. CaV1.2 anchor positions are shown by red squares.
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Structure
Ca2+/CaM-CaV2 IQ Domain StructuresTable 2. Titration Calorimetry Data
CaV2.1 Ka (M
1) N Kd (nM) n DH (kcal mol1) DS (cal mol1 K1) Ka/Ka(wt) DDG
Ca2+/N-lobe wild-type 2.11 x 107± 6.70 x 106 0.87 ± 0.06 51 ± 20 3 5.41 ± 0.21 14.7 ± 1.4 - -
I1965A (6) 1.67 x 108± 3.11 x 107 0.93 ± 0.03 6.1 ± 1.1 2 4.15 ± 0.05 23.2 ± 0.4 7.91 1.18
M1969A (2) 6.42 x 107± 1.24 x 107 0.95 ± 0.02 15.9 ± 3.1 2 4.63 ± 0.14 19.7 ± 0.9 3.04 0.64
M1970A (1) 3.57 x 106± 1.07 x 106 1.00 ± 0.08 297 ± 88 3 3.03 ± 0.22 19.4 ± 0.4 0.17 1.02
I1971A (0) 5.57 x 107± 3.35 x 106 0.82 ± 0.01 18.0 ± 1.1 1 5.45 ± 0.02 16.5 2.64 0.55
M1972A (+1) 1.59 x 108± 9.90 x 106 1.16 ± 0.18 6.3 ± 0.4 2 3.34± 1.15 25.9± 4.1 7.52 1.16
Y1974A (+3) 1.39 x 106± 6.04 x 105 0.95 ± 0.19 815 ± 331 3 3.90 ± 0.63 14.4 ± 1.7 0.066 1.56
Y1975A (+4) 4.69 x 107± 8.19 x 106 0.88 ± 0.09 21.8 ± 3.3 4 4.93 ± 0.21 18.0 ± 1.0 2.2 0.46
Ca2+/C-lobe wild-type 2.33 x 108± 2.11 x 107 0.92 ± 0.10 4.32 ± 0.39 4 4.31 ± 0.35 23.4 ± 1.0 - -
I1965A (6) 3.51 x 108± 1.08 x 107 0.97 ± 0.01 3.00 ± 0.92 2 4.64 ± 0.03 23.0 ± 0.5 1.51 0.23
M1969A (2) 8.59 x 107± 2.14 x 107 0.93 ± 0.23 12.0 ± 3.0 2 3.84 ± 0.02 23.0 ± 0.5 0.37 0.57
M1970A (1) 4.84 x 106± 2.39 x 106 0.88 ± 0.16 249 ± 135 3 2.40 ± 0.56 22.1 ± 2.6 0.02 2.22
I1971A (0) 5.40 x 107± 3.87 x 106 0.90 ± 0.01 18.5 ± 1.3 1 3.27 ± 0.01 24.0 0.23 0.84
M1972A (+1) 9.52 x 107 ± 6.79 x 106 0.93 ± 0.05 10.5 ± 0.8 3 7.52 ± 0.20 10.4 ± 0.6 0.41 0.51
Y1974A (+3) 2.27 x 106± 1.41 x 106 1.07 ± 0.08 547 ± 341 2 0.95 ± 0.04 25.6 ± 1.2 0.0098 2.65
Y1975A (+4) 4.27 x 107± 4.97 x 107 0.83 ± 0.14 53.1 ± 40.7 3 2.48 ± 0.44 25.4 ± 3.7 0.18 0.98
wild-type and
Ca2+/N-lobe
2.98 x 105± 1.21 x 105 0.75 ± 0.03 3664 ± 1489 2 6.98 ± 0.12 49.2 ± 1.3 0.0013Ca2+/N-lobe and Ca2+/C-lobe have a high degree of structural
similarity (Ataman et al., 2007). To compare how the overall Ca2+/
CaM conformations differ among the CaV1 and CaV2 complexes,
we superposed CaV2 Ca
2+/N-lobes and CaV1.2 Ca
2+/C-lobes
(Van Petegem et al., 2005) (Figure S4). This alignment preserves
the IQ a-helix direction and shows that Ca2+/CaM enwraps the
central IQ a-helix by using different degrees of lobe separation
along the helix. The largest degree of separation occurs between
the two conformations seen in the CaV1.2 structures. The posi-
tions of the CaV2 Ca
2+/C-lobes are bounded by the positions
of the two conformations observed for Ca2+/N-lobe on the
low-affinity binding site the CaV1.2 complex (Figure S4).
Isothermal Titration Calorimetry Reveals a Common
C-Terminal High-Affinity Binding Site
To examine the thermodynamics of Ca2+/CaM lobe-CaV2 IQ do-
main interactions and examine the importance of the different
anchoring positions, we performed a series of isothermal titration
calorimetry (ITC) experiments using individual Ca2+/CaM lobes,
the CaV2.1 IQ domain, and a series of IQ domain anchor position
mutants. Both Ca2+/N-lobe and Ca2+/C-lobe have a single high-
affinity (Kd = 51 ± 20 and 4.32 ± 0.39 nM, respectively) binding
site on the IQ domain that is driven by favorable enthalpic and
entropic contributions (Table 2; Figures 3A and 3B). To test
whether the high-affinity sites used similar binding elements,
we made alanine mutations at the four crystallographically
observed Ca2+/N-lobe anchor positions and measured whether
they perturbed the high-affinity interaction of either Ca2+/N-
lobe and Ca2+/C-lobe with the IQ domain. Mutations at (1)
and (+3) cause clear reductions in both binding affinity and
enthalpy (Table 2; Figures 3C and 3D). These data indicate that
the (1) and (+3) anchors are the most energetically important
for the binding of either lobe and suggest that the high-affinity
binding sites for both lobes overlap.1460 Structure 16, 1455–1467, October 8, 2008 ª2008 Elsevier LtdCompetition experiments in which Ca2+/C-lobe is titrated into
the preformed Ca2+/N-lobe-IQ domain complex show that Ca2+/
N-lobe occludes Ca2+/C-lobe binding to the high-affinity site and
reveal an endothermic reaction for a binding site of much lower
affinity 780 fold) than the high-affinity site (Figure 3E). Ca2+/
C-lobe binding to the low-affinity site is effectively lost when
the competition experiment is done in the background mutants
that delete the side chains of the principal Ca2+/C-lobe contacts,
Ile(6)Ala and Met(2)Ala (Figures 3F–H). Neither alanine mutant
weakens binding of Ca2+/C-lobe or Ca2+/N-lobe to the high-
affinity site (Table 2). Together with the observation that muta-
tions at the (1) and (+3) positions affect binding to the high-
affinity site, the data strongly suggest that the high-affinity
Ca2+/C-lobe binding site is located in the C-terminal portion of
the IQ helix and overlaps with the crystallographically observed
Ca2+/N-lobe site. Furthermore, the data suggest that the crystal
structures show Ca2+/N-lobe bound to the high-affinity site and
Ca2+/C-lobe, which buries a much lower amount of surface area,
bound to the low-affinity site revealed in the ITC competition
experiments.
The competition between the lobes for a C-terminally located
high-affinity binding site parallels what we observed for CaV1.2
where Ca2+/N-lobe and Ca2+/C-lobe compete for a high-affinity
site on the C-terminal portion of the IQ peptide (Van Petegem
et al., 2005). Thus, Ca2+/CaM lobe competition for an IQ helix
C-terminal high-affinity binding site is a common CaV IQ domain
property that is likely to be an important contributor to calcium-
dependent channel modulation.
Ca2+/C-lobe Anchors Have a Role in CDF
Ca2+/C-lobe governs CaV2.1 CDF (DeMaria et al., 2001; Liang
et al., 2003). To investigate whether the crystallographically ob-
served Ca2+/C-lobe site is functionally important, we mutated
the two key Ca2+/C-lobe anchor positions, the central anchor
Ile (6) and Met (2), to alanine in the full-length CaV2.1All rights reserved
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Ca2+/CaM-CaV2 IQ Domain StructuresFigure 3. ITC Characterization of Ca2+/CaM-CaV2.1 IQ Domain Interactions
(A) 75 mM Ca2+/N-lobe into 7.5 mM CaV2.1 IQ domain.
(B) 75 mM Ca2+/C-lobe into 7.5 mM CaV2.1 IQ domain.
(C) 75 mM Ca2+/N-lobe into 7.5 mM CaV2.1 IQ domain Y1974A (position (+3)).
(D) 75 mM Ca2+/C-lobe into 7.5 mM CaV2.1 IQ domain Y1974A (position (+3)).
(E) 250 mM Ca2+/C-lobe into a solution of 25 mM CaV2.1 IQ domain and 33 mM Ca
2+/N-lobe.
(F) 250 mM Ca2+/C-lobe into a solution of 25 mM CaV2.1 IQ domain I1965A (position (6)), and 33 mM Ca2+/N-lobe.
(G) 250 mM Ca2+/C-lobe into a solution of 25 mM CaV2.1 IQ domain M1969A (position (2)), and 33 mM Ca2+/N-lobe.
(H) Comparison Ca2+/C-lobe binding isotherms to Ca2+/N-lobe-CaV2.1 IQ domain complexes. ITC Panels show addition of 10 ml aliquots of titrant to the target
(top) and binding isotherms (bottom). Cartoons depict the observed binding modes. Stars indicate mutant peptides and site of mutation.a1-subunit. Examination of the effects of these mutants on
CaV2.1 channels expressed in mammalian cells using two dif-
ferent protocols to elicit facilitation, an action potential wave-
form (APW) protocol (DeMaria et al., 2001) and a prepulse pro-
tocol (DeMaria et al., 2001), revealed clear changes in CDF. InStructure 16, 1455accord with its prominence as the main Ca2+/C-lobe contact
site, Ile(6)Ala caused dramatic CDF attenuation (Figures 4A,
4B, and 4D). The alanine mutation at Met (2), a position that
makes fewer interactions with Ca2+/C-lobe, also reduced
CDF but did so to a lesser degree. Both mutations spared–1467, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1461
Structure
Ca2+/CaM-CaV2 IQ Domain StructuresFigure 4. Ca2+/C-Lobe Site Is Critical for CaV2.1 CDF
(A) Ca2+ currents in wild-type (WT) and mutant channels elicited by trains of an action potential waveform (APW) at 100Hz. A single exemplar depolarizing APW
pulse and elicited Ca2+ current is shown (left).1462 Structure 16, 1455–1467, October 8, 2008 ª2008 Elsevier Ltd All rights reserved
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Ca2+/CaM-CaV2 IQ Domain StructuresCDI (Figures 4C and 4D) and cause a substantial decrease in
the binding affinity of Ca2+/C-lobe for the N-terminal binding
site on the peptide (Figure 3H). These data establish that the
crystallographically observed low-affinity Ca2+/C-lobe binding
site is critical for CaV2.1 CDF. Together with prior work that es-
tablishes the role of CaV1.2 N-terminal anchor positions in CDF
(Van Petegem et al., 2005), these results support the idea that
the both CaV1 and CaV2 IQ helices have a dedicated N-terminal
CDF site.
DISCUSSION
Calcium ion influx through CaVs couples two important biological
signals, electrical signals and chemical signals (Catterall, 2000;
Clapham, 2007). As central players in excitable cell signaling
mechanisms, CaVs are endowed with an exquisite ability to
sense and respond to regulatory signals from diverse sources
that include auxiliary subunits, G-proteins, synaptic vesicle com-
ponents, kinases, phosphatases, and calcium sensor proteins
(Evans and Zamponi, 2006). Because CaVs are major calcium
ion sources, one critical type of regulation is the activity-depen-
dent feedback modulation that arises from the ability of CaVs to
detect and react to calcium concentrations (Dunlap, 2007; Hal-
ling et al., 2006; Van Petegem and Minor, 2006). The resulting
CDI and CDF responses, which involve interactions of Ca2+/
CaM with the channel, serve alternatively to limit and enhance
CaV mediated calcium influx following both local and global
calcium concentration changes.
Functional studies offer a great deal of evidence that the CaVa1
C-terminal tail IQ domain forms the central site of action for cal-
modulin modulation (DeMaria et al., 2001; Lee et al., 2003; Liang
et al., 2003; Peterson et al., 1999; Qin et al., 1999; Van Petegem
et al., 2005; Zu¨hlke et al., 1999). Despite the strong sequence
similarity among CaV1 and CaV2 isoforms in this region
(Figure 1E), actions of Ca2+/N-lobe and Ca2+/C-lobe on the IQ
domain appear to cause different modulatory effects in different
channel classes (Dunlap, 2007; Halling et al., 2006; Van Petegem
and Minor, 2006). These differences in the lobe-specific roles of
Ca2+/CaM in CaV CDF and CDI provide a fascinating puzzle. How
is it that the same CaM lobes can bind to very similar IQ domains
yet elicit different functional consequences? Initial insights into
the structural basis of Ca2+/CaM-CaV IQ interactions from
studies of CaV1.2 IQ domains revealed an unexpected parallel
binding architecture that is opposite to that seen in most Ca2+/
CaM-peptide complexes (Fallon et al., 2005; Van Petegem
et al., 2005). Differences noted in the anchor position residues
between CaV1 and CaV2 isoforms together with the unusual
parallel complex suggested that one solution for the apparent
lobe specific role exchange might be an exchange of bindingdirections (Van Petegem et al., 2005; Van Petegem and Minor,
2006). The CaV2 structures we describe here provide strong
support for this hypothesis and reveal further unanticipated
structural features.
Ca2+/CaM binds CaV2 IQ domains further toward the N-termi-
nal end and engages a set of IQ anchor positions that partially
overlap with those used in CaV1 complexes (Figure 2E). One
likely determinant of this shift in Ca2+/CaM binding is IQ domain
position (+7), which is an anchor aromatic in CaV1.2 but is a small
hydrophilic residue (Ser or Asn) in CaV2 s. Position (+7) makes
few contacts to CaV2 Ca
2+/N-lobe and may also direct CaV1 ver-
sus CaV2 binding modes. Charge distribution on the peptide may
also play a role in determining binding direction (Osawa et al.,
1999). The CaV2 IQ helices have fewer positively charged resi-
dues at their C-terminal ends, four in CaV2.1 and CaV2.3, three
in CaV2.2, than are found in CaV1.2, which has six. Unlike the
CaV1.2 case, the number of major anchors on the CaV2 IQ helix
is distributed unevenly between the binding sites, with two major
contributors to the N-terminal site and four for the C-terminal
site. The change in composition of the anchors between CaV1
s and CaV2 s also affects the total surface area buried by each
lobe. The total buried surface area at the C-terminal binding sites
of CaV1 and CaV2 are similar (CaV1.2, 1819 A˚
2; CaV2.1 1652 A˚
2;
CaV2.2 2026 A˚
2; CaV2.3 1673 A˚
2), whereas the surface buried at
the N-terminal site is smaller in all of the CaV2 structures (CaV1.2
conformations A and C, 1450 and 1491 A˚2; CaV2.1 921 A˚
2;
CaV2.2 1224 A˚
2; CaV2.3 950 A˚
2). These factors may also partic-
ipate in determining the peptide binding direction. Despite the
differences in binding details, one structural feature that remains
common to the CaV1 and CaV2 complexes is that the occupant
of the N-terminal binding site, Ca2+/N-lobe for CaV1s and
Ca2+/C-lobe for CaV2s, buries much less surface area than the
occupant of the C-terminal binding site.
Our ITC experiments establish that the CaV2 IQ helix C-termi-
nal portion bears a high-affinity binding site that either Ca2+/N-
lobe or Ca2+/C-lobe can occupy. Examination of the effects of
Ca2+/N-lobe anchor position mutants indicates that this high-
affinity site corresponds to the site observed in the CaV2 crystal
structures that interacts with Ca2+/N-lobe, the lobe that controls
CaV2 CDI (DeMaria et al., 2001; Lee et al., 2003; Liang et al.,
2003). Competition experiments demonstrate that Ca2+/N-lobe
can block Ca2+/C-lobe access to its high-affinity site and sug-
gest that only one lobe at a time can bind the IQ helix high-affinity
site. Although the Ca2+/C-lobe high-affinity site shares energet-
ically important binding determinants with the crystallographic
Ca2+/N-lobe site, it is unknown whether the Ca2+/C-lobe high-
affinity binding mode is identical in detail. In CaV1.2, Ca
2+/N-
lobe and Ca2+/C-lobe also compete for binding to a high-affinity
site on the C-terminal portion of the IQ domain (Van Petegem(B) Ca2+-dependent facilitation in WT and mutant channels using prepulse protocols. Representative Ca2+ current traces obtained without (gray) and with (black)
prestep depolarization are shown (left). Relative facilitation (RF) is plotted versus each prepulse potential (right). Data are shown as mean ± s.e.m. (n = 9, 8, and
9 in WT, I1965A (position (6)), and M1969A (position (2)), respectively).
(C) Inactivation of Ca2+ and Ba2+ currents during step depolarization. Ba2+ current amplitudes were approximately twice as large as those in Ca2+. Traces were
normalized at the peak amplitudes (left). Inactivation ratios at 800 msec after onset of the step pulse (r800) were plotted versus each test membrane potential
(right). Data are shown as mean ± s.e.m.
(D) Quantification of facilitation and inactivation. Top, comparison of RF between WT and mutants. Differences of the facilitation evoked by 20 mV prepulse
between Ca2+ and Ba2+ were compared. Bottom, comparison of r800 among WT and mutants. Differences of the inactivation between Ca2+ and Ba2+ were taken
at 10 mV. Bars depict mean ± s.e.m. (n = 5, 9, and 5 for WT, I1965A (position (6)), and M1969A (position (2)), respectively).
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Ca2+/CaM-CaV2 IQ Domain Structureset al., 2005). This high-affinity site is occupied in the crystal struc-
ture with the lobe responsible for CaV1.2 CDI, Ca
2+/C-lobe (Van
Petegem et al., 2005). Thus, the presence of a C-terminally
located high-affinity site favored by the CaM lobe that governs
CDI appears to be a common feature of CaV1 and CaV2 IQ
domains.
Prior studies have shown that in the presence of CaV2 IQ pep-
tides N-lobe binds calcium 3–20-fold faster than the C-lobe
(Black et al., 2005) and raise the possibility that kinetic factors
may also be important in lobe-specific competition for the
high-affinity site. It remains to be determined whether binding
modes that have not been observed in our crystallographic stud-
ies, Ca2+/N-lobe to the CaV1.2 high-affinity site and Ca
2+/C-lobe
to the CaV2.1 high-affinity site, correspond with distinct func-
tional states of the channels. Furthermore, it will be important
to determine whether the relative affinities, binding rates to of dif-
ferent CaM lobes to the IQ domain, and CaM binding modes are
affected in the background of full-length calmodulin and in the
context of interactions with other channel elements.
When Ca2+/N-lobe occupies the CaV2 IQ domain high-affinity
site, ITC measurements with Ca2+/C-lobe detect binding to a site
having substantially lower affinity (780 fold) than the C-terminal
high-affinity site (Table 2). The observation that alanine mutation
of the two major Ca2+/C-lobe specific contacts observed in our
crystal structures, Ile (6) and Met (2), eliminates this binding
event strongly suggests that the low affinity Ca2+/C-lobe binding
event represents interaction of Ca2+/C-lobe with the crystallo-
graphically observed CaV2 N-terminal binding site. The N-termi-
nal portion of the CaV1.2 IQ helix is a low-affinity binding site for
Ca2+/N-lobe (Van Petegem et al., 2005). Thus, the presence of an
N-terminal low affinity site is a second common property of CaV1
and CaV2 IQ domains.
Functional investigation of alanine mutants of the N-terminal
Ca2+/C-lobe anchors (6) and (2) shows clear decrements of
CDF that match the degree to which each position contacts
Ca2+/C-lobe. Furthermore, alanine mutations of both Ile (6)
and Met (2) anchors diminish the affinity of Ca2+/C-lobe for
the N-terminally located binding site. These data demonstrate
that the crystallographically observed Ca2+/C-lobe N-terminal
binding site is important for CDF and strongly suggest that
Ca2+/C-lobe interaction with this site is central to the CDF pro-
cess. The results correspond extremely well with prior studies
that demonstrated the role of CaV1.2 N-terminal anchors in
CDF (Van Petegem et al., 2005). Thus, in both CaV1.2 and
CaV2.1, the N-terminal IQ domain anchor positions are crucial
for CDF. The observation that the N-terminal site occupant in
both CaV1 s and CaV2 makes fewer contacts and binds more
weakly suggests that these physical properties are key to the
CDF mechanism. Taken together, our data strongly suggest
that the IQ domains contain dedicated CDF binding sites and
that the occupant of those sites is exchanged between CaV1
and CaV2 isoforms.
Previous studies of the CaV2.1 double mutant IM/AA at po-
sitions (0) and (+1) show that these changes eliminate CDF and
spare CDI (DeMaria et al., 2001; Lee et al., 2003). Neither position
contacts Ca2+/C-lobe in the structures, the lobe responsible for
CDF. Our ITC data (Table 2) show that individual Ile (0) Ala and
Met (+1) Ala mutations enhance rather than disrupt the affinity
of the lobe responsible for CaV2 CDI, Ca
2+/N-lobe, and do not1464 Structure 16, 1455–1467, October 8, 2008 ª2008 Elsevier Ltdcause the C-terminal site to favor the Ca2+/C-lobe. Therefore,
it seems unlikely that these mutants will perturb the binding
mode of Ca2+/CaM. Apo-CaM is thought to bind CaVs through
interactions with the IQ domain (Erickson et al., 2003; Liang
et al., 2003; Tang et al., 2003), an idea that is supported by the
observations with CaV2.2 and CaV2.3 quintuple IQ domain mu-
tants in which functional defects can be overcome by CaM over-
expression (Liang et al., 2003). A similar CaV1.2 (0)/(+1) alanine
double mutant eliminates CDI but enhances CDF (Zu¨hlke et al.,
2000) without altering the binding mode of the lobe responsible
for CaV1 CDI, Ca
2+/C-lobe (Fallon et al., 2005) and also reduces
apo-CaM affinity (Tang et al., 2003). Presently available struc-
tural data regarding apo-CaM-IQ interactions based on com-
plexes of apo-CaM with Myosin V IQ domains suggest a central
role for positions (0) and (+1) in apo-CaM binding (Houdusse
et al., 2006). Thus, we propose that the (0) and (+1) alanine
mutation channel modulation effects are not directly acting on
Ca2+/CaM but act through altering binding of apo-CaM to the
IQ domain.
Recent work by Mori et al. (2008) reported structures Ca2+/
CaM bound to slightly shorter constructs of CaV2.1 and CaV2.3
IQ peptides and crystallized under very different conditions
than those reported here (PEG and modest ionic strength,
here, versus >2 M salt, Mori et al., 2008). Surprisingly, the Mori
et al. Ca2+/CaM-CaV2.1 and Ca
2+/CaM-CaV2.3 complexes are
identical to the parallel Ca2+/CaM-CaV1.2 structures (Fallon
et al., 2005; Van Petegem et al., 2005). Systematic alanine scan-
ning of the IQ peptide coupled with functional analysis found that
many N-terminal IQ positions affected CDF, including (6) and
(2) as we show here, and that of the original (0/+1) IM/AA
mutant, only substitution of Ile at (0) was important. The parallel
orientation is inconsistent with the functional data as the majority
of the residues involved in CDF do not contact the lobe respon-
sible for CDF, Ca2+/C-lobe, but in fact interact with Ca2+/N-lobe,
the lobe responsible for CDI. To rationalize the inconsistency
between the parallel conformation and functional data, Mori
et al. used Robetta (Kortemme et al., 2004), a program that sim-
ulates alanine scan effects on interface interactions, to asses the
potential impact on binding affinity of the IQ domain alanine scan
positions. It was postulated that there might be a linear correla-
tion between the predicted DDG and CDF values if the interac-
tion strengths predicted for each alanine mutant from the crystal
structure are directly related to the strength of CDF. Analysis of
the Ca2+/C-lobe contacts in the parallel CaV2 structure showed
no such correlation. In striking contrast, the Mori et al. alanine
scan CDF data, as well as our alanine mutant CDF data, agree
exceptionally well with the antiparallel CaV2 structures and inter-
pretations we report here (Figure 5). Robetta analysis of the
antiparallel CaV2 structure shows a strong correlation between
the predicted impact of alanine substitution of the Ca2+/C-lobe
contacts and effect of the corresponding mutations on CDF.
This analysis lends further support to the conclusion that the
structures we report here correspond to physiologically relevant
conformations.
The crystal structures presented here and by Mori et al. indi-
cate that both antiparallel and parallel binding modes are possi-
ble for Ca2+/CaM on the CaV2 IQ domain. While it is tempting to
speculate that both binding modes could be important for chan-
nel modulation, the functional importance of the Ca2+/CaM-CaV2All rights reserved
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binding mode can be populated in identical peptides under iden-
tical conditions remain to be determined.
Ca2+/CaM-dependent protein kinase II (CaMKII) binds to the C
termini of CaV1.2 (Hudmon et al., 2005; Lee et al., 2006), and
CaV2.1 (Jiang et al., 2008) and plays a role in CaV1.2 (Hudmon
et al., 2005) and CaV2.1 (Jiang et al., 2008) CDF, as well as in
CaV2.1 voltage-dependent inactivation (Jiang et al., 2008). It
has been suggested that CaMKII binding to the N-terminal por-
tion of the IQ domain is necessary for CDF. On the basis of
weak sequence similarity between the CaV IQ domain N-terminal
portion and the CaMKII autoinhibitory peptide (AIP), it has been
proposed that the IQ domain N-terminal region acts a structural
mimic that can displace the AIP and maintain CaMKII anchoring
to the channel (Pitt, 2007). The CaV1.2 and CaV2.1 structural data
demonstrate that the proposed CaMKII interaction site is com-
pletely occluded by interactions with both Ca2+/CaM lobes
(Figure S5). Furthermore, comparison with the CaMKII autoinhi-
bited kinase domain structure (Rosenberg et al., 2005) shows
that residues suggested to be important are actually not in
the helical portion of the AIP that blocks the kinase active site
but in a loop that connects it to the CaMKII kinase domain (Fig-
ures S5B and S5C). Given the gross structural incompatibility be-
tween the AIP and Ca2+/CaM-IQ domain complexes, it is very
likely that the major CaMKII binding site resides elsewhere on
the channel C terminus.
How does the channel sense the binding events at the IQ
domain to produce CDI and CDF? The presence of what are
apparently CDI and CDF sites on the IQ domain suggests that
occupation of these sites is read out by the channel and provides
an explanation for how it is that a given CaM lobe can have op-
posite effects in different isoforms. As such, the overall structural
context provided by the rest of the channel must have a major
Figure 5. Robetta Analysis of CaV2.1 Alanine Scan CDF Data
Comparison of the impact of alanine mutations on CDF versus the predicted
impact on binding free energy is shown. Data from this work are shown as filled
circles and from (Mori et al., 2008) as open diamonds. Error bars for the values
from this work are shown (SEM).Structure 16, 145role and may also influence the details of the bound conforma-
tion, as well as the affinity and kinetic properties of the individual
lobes. Functional and structural data point to the important role
for interaction of the Ca2+/CaM-IQ domain with other regions of
the channel in modulating channel function. For instance, CaV2.1
and CaV2.3 both show CDI driven by Ca
2+/CaM-IQ domain inter-
actions (DeMaria et al., 2001; Lee et al., 2003; Liang et al., 2003)
but only CaV2.1 has been reported to display IQ dependent CDF
(DeMaria et al., 2001; Lee et al., 2003). The IQ domains of CaV2.1
and CaV2.3 differ in only three positions (+2, +5, and +9) that
reside within the Ca2+/N-lobe binding portion of the peptide.
These positions do not make substantial contacts to either
Ca2+/CaM lobe (Figure S3). As CDF appears absent from
CaV2.3 and the conformations of Ca
2+/CaM-CaV2.1 and Ca
2+/
CaM-CaV2.3 complexes are identical, other parts of the channel
must contribute together with the IQ domain to cause CDF in
CaV2.1 but not in CaV2.3. One candidate region in the C-terminal
cytoplasmic tail is the putative EF hand proximal to transmem-
brane segment IV6 as it has been shown that CaV2.1 splice
variations in this domain can eliminate CDF and that this region
provides an important context for IQ domain functions in the
context of chimeric channels (Mori et al., 2008). The putative EF
hand (de Leon et al., 1995) as well as elements in the N-terminal
(Dick et al., 2008; Ivanina et al., 2000) and C-terminal cytoplas-
mic domains (Hulme et al., 2006; Lee et al., 1999; Singh et al.,
2006; Wahl-Schott et al., 2006) and the CaVb subunit have
also been proposed to participate in CDI (Cens et al., 2006;
Kim et al., 2004). As the IQ domain is too far from the pore-lining
segments in primary sequence to postulate a simple model, it will
be crucial to focus further work on defining molecular interac-
tions among the channel intracellular domains, how these
domains rearrange in various channel states, and whether inter-
actions with other portions of the channel affect CaM binding
modes.
We show that Ca2+/CaM binds CaV1 and CaV2 IQ domains
with opposite polarity. In each case the lobe governing CDI
occupies a binding site on the C-terminal portion of the IQ pep-
tide, Ca2+/C-lobe for CaV1 and Ca
2+/N-lobe for CaV2, whereas
the N-terminal anchor positions are involved in CDF. Taken to-
gether with prior work on CaV1.2, the data we present here reveal
a structural polarity reversal that seems to underlie the well-
established functional exchange of lobe-specific modulatory
roles. Together, the data unveil the remarkable structural plastic-
ity that is at the heart of CaV feedback modulation and should
provide an important architectural framework for dissection of
the details of the molecular rearrangements that underlie CaV
CDI and CDF mechanisms.
EXPERIMENTAL PROCEDURES
Cloning, Protein Expression, and Protein Purification
IQ domains of rabbit CaV2.1 (residues 1963–1984 and 1961–1987 for crystal-
lization and ITC, respectively), rabbit CaV2.2 (residues 1855–1876), and rat
CaV2.3 (residues 1818–1839) were cloned into a pET28b (Novagen)-derived
vector, HMT (Van Petegem et al., 2004), and expressed in Escherichia coli.
CaV2.1 IQ domain alanine substitutions and the Cav2.2 IQ domain HM/TV
mutation were generated by QuickChange (Stratagene). HMT-tagged con-
structs for CaM/N-lobe and CaM/C-lobe and full-length CaM (untagged)
were identical to those used previously (Van Petegem et al., 2005) except
that CaM/N-lobe bore an additional N-terminal WGG sequence to facilitate5–1467, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1465
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to (Van Petegem et al., 2005). Details can be found in Supplemental Data.
Crystallization and Structure Determination
Ca2+/CaM-Cav2 IQ domain complexes (8–12 mg ml
-1 complex) were crystal-
lized by hanging drop vapor diffusion at 20C using a 2:1 volume of protein
to mother liquor. The Ca2+/CaM-Cav2.2, Ca
2+/CaM-Cav2.2(HM/TV), and
Ca2+/CaM-Cav2.3 IQ domain complexes crystallized in 0.1 M Bis-Tris
(pH 6.5) and 25–30 % PEG 2,000 MME. The Ca2+/SeMet-CaM-Cav2.1 IQ do-
main complex crystallized in 0.1 M Bis-Tris (pH 5.5) and 25% PEG 3,350. Crys-
tals were transferred to their mother liquor supplemented with 10%–15% glyc-
erol as cryoprotectant and flash frozen in liquid nitrogen. Diffraction data were
collected at Beamline 8.3.1 (Advanced Light Source, Lawrence Berkeley Na-
tional Laboratory) and processed using HKL2000 (Otwinowski and Minor,
1997). Details of structure solution can be found in Supplemental Data. Data
collection and refinement statistics are shown in Table 1.
Isothermal Titration Calorimetry
Concentrated CaV2.1 IQ domains, N-lobe, and C-lobe were dialyzed (Slide-A-
Lyzer, MWCO 2 kDa, Thermo Scientific) against 5 mM KCl, 1mM CaCl2, and
10 mM HEPES (pH 7.4). Samples were degassed for 5 min, and titrations
were performed on a VP-ITC microcalorimeter (MicroCal) at 15C. CaV2.1 IQ
peptides at a concentration of 7.5 mM were titrated with individual CaM lobe
at a concentration of 75 mM using one 4 ml injection followed by 29 injections
of 10 ml titrant. For competition experiments, 25 mM CaV2.1 IQ peptide were
preincubated with 33 mM of one CaM lobe for at least 1 hr and titrated with a
solution of 250 mM of the other CaM lobe. Control injections, consisting of
titrating one component into buffer, were used to adjust the baseline of each
experiment. Data were processed with MicroCal Origin using a 7.0 single
binding site model. All titrations were repeated several times with different
batches of protein. Protein concentrations were determined by absorbance
(Edelhoch, 1967).
Electrophysiology
Constructs for electrophysiology consisted of human Cav2.1 BI-1 (V1) in
pcDNA3.1(+) and rabbit CaVa2d-1 in pcDNA3. For visual detection of trans-
fected cells, cDNAs encoding CaVb2a was cloned into a bicistronic green fluo-
rescent protein (GFP) expression vector (pTracer-CMV2, invitrogen) using
EcoRI/XbaI restriction sites. For I1965A and M1969A mutants of Cav2.1, an
EcoRV/XbaI fragment of CaV2.1 in pcDNA3.1 was used for mutagenesis by
QuikChange (Stratagene) and ligated back into the construct. Recording
followed precedents from previous CaV2.1 CDI and CDF studies (DeMaria
et al., 2001; Lee et al., 2000). Details can be found in Supplemental Data.
Data were analyzed using Clampfit 9 (Axon Instruments, Inc) and Igor Pro
(WaveMetrics, Inc). Data are presented as mean ± s.e.m. Means of two groups
were compared using Student’s t test.
Computational Interface Alanine Scanning
The Robetta web server (http://robetta.bakerlab.org/alascansubmit.jsp) (Kor-
temme et al., 2004) was used to evaluate binding energy changes upon alanine
substitution of interface residues in the Ca2+/CaM-Cav2.3 IQ domain antipar-
allel structure. Analysis was performed using two different input files, Ca2+/N-
lobe-Cav2.3 IQ domain and Ca
2+/C-lobe-Cav2.3 IQ domain. The program was
set to identify all interface residues to be scanned and run without using exper-
imental DDG values. CDF (facilitation, g) values for Cav2.1 alanine mutants
from this work and Figure 3E of Mori et al. (2008) were compared to the simu-
lated binding energy change (DDG) of the corresponding Ca2+/C-lobe-Cav2.3
IQ domain mutants.
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